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Abstrat
We alulate the oblique eletroweak orretions and onfront with the ex-
periments in an extension of the Standard Model. The new elds added are
a vetor-like weak doublet and a singlet fermion. After eletroweak symmetry
breaking there is a mixing between the omponents of the new elds, but no mix-
ing allowed with the standard fermions. Four eletroweak parameters, Sˆ, Tˆ , W ,
Y are presented in the formalism of Barbieri et al., these are the generalization of
the Peskin-Takeuhi S, T, U 's. The vetor-like extension is slightly onstrained,
Tˆ requires the new neutral fermion masses not to be very far from eah other,
allowing higher mass dierene for higher masses and smaller mixing. Sˆ, W, Y
gives pratially no onstraints on the masses. This extension an give a positive
ontribution to Tˆ , allowing a heavy Higgs boson in eletroweak preision tests of
the Standard Model.
1 Introdution
Vetor-like fermions appear in several extensions of the Standard Model (SM). They
are present in extra dimensional models with bulk fermions e.g [1℄, in little Higgs
theories [2℄, in models of so alled improved naturalness onsistent with a heavy Higgs
salar [3℄, in simple fermioni models of dark matter [4, 5℄, in some dynamial models
of supersymmetry breaking using gauge mediation, topolor models [6℄, and were also
onsidered as the solution to the disrepany between Rb and LEP2 measurements in
the mid 90's [7℄. Vetor-like fermions were essential ingredients in a reent proposal,
in whih a nontrivial ondensate of new vetor-like fermions breaks the eletroweak
symmetry and provides masses for the standard partiles [8℄. The potential LHC
signals of vetor-like quarks were disussed in [9℄.
Any extension of the SM must fae the tremendous suess of the SM in high energy
experiments, it must have evaded diret detetion and fulll the eletroweak preision
tests. If the sale of new physis is suiently high and the orretions are assumed
to be universal then the new physis only aets the nite ombinations of the gauge
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boson self-energies. These parameters (traditionally S,T,U [10℄) are onstrained by
experiments [11℄. Barbieri et al. reonsidered the problem [12℄ and showed that there
are indeed four relevant parameters Sˆ, Tˆ , W, Y , where Sˆ and Tˆ are related to the old
parameters S = 4s2W Sˆ/α, T = Tˆ /α. W and Y are two new parameters, U (Uˆ) is
suppressed by the sale of new physis ompared to T (Tˆ ). There are also other and
more extended parameterizations are known [13℄.
In this letter we alulate the gauge boson vauum polarization funtions and pre-
ision eletroweak observables for vetor-like extensions of the SM, espeially taking
into aount the mixing in the reently proposed fermion ondensate model [8℄. There
are earlier results for extra vetor-like quarks [14, 5℄ and detailed alulations for the ρ
parameter in the littlest Higgs model e.g. [15℄. The new results in this paper are that
we use dierent representations for the new fermions, give general formulae appliable
to LEP2 measurements using the four parameters of [12℄ and onstrain the fermion
ondensate model [8℄.
2 Extension of the Standard Model with
vetor-like fermions
We onsider a simple extension of the SM based on non-hiral fermions. The new
olorless fermions are an extra neutral weak SU(2) singlet ΨS (T = Y = 0) and a
doublet ΨD =
(
Ψ+D
Ψ0D
)
with hyperharge 1. It is assumed that the new fermions are
odd under a new Z2 symmetry, while all the standard partiles are even. This symmetry
forbids mixings with standard fermions and the lightest new fermion is stable providing
an ideal weakly interating dark matter andidate. The purely fermioni part of the
new Lagrangian is
LΨ = iΨDDµγ
µΨD + iΨS∂µγ
µΨS −m1ΨDΨD −m2ΨSΨS, (1)
with Dira masses m1, m2. ΨS may have further interations irrelevant for our analysis.
Dµ is the ovariant derivative
Dµ = ∂µ − ig
2
τ W µ − i
g′
2
Bµ, (2)
where W µ,Bµ and g, g
′
are the usual weak gauge boson elds and ouplings, respe-
tively. In a renormalizable theory inluding the standard Higgs doublet (H) additional
Yukawa terms appear resulting a mixing between the new neutral fermions.
LY ukawa = λmΨDΨSH + λ
∗
mH
†ΨSΨD (3)
In a version of the Standard Model [8℄, the Higgs boson is a omposite state of the
new fermions (H = ΨSΨD) and these Yukawa terms (and additional ontribution to
ΨD, ΨS mass ) generated by ondensation from eetive 4-fermion interations.
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When the Higgs (or the omposite operator ΨSΨD in [8℄) develops a vauum ex-
petation value, 〈H〉0 =
(
0
v
)
, with real v, non-diagonal mass terms are generated
with m3 = (λm + λ
∗
m)v/2
L
mass
= −m1ΨDΨD −m2ΨSΨS −m3
(
Ψ0DΨS +ΨSΨ
0
D
)
. (4)
In [8℄ m1(m2) get ontributions from the ondensates. The mass matrix of the new
fermions must be diagonalized via unitary transformation to get physial mass eigen-
states
Ψ1 = cΨ
0
D + sΨS,
Ψ2 = −sΨ0D + cΨS, (5)
where c = cos φ, s = sinφ, φ is the mixing angle dened by
2m3 = (m1 −m2) tan 2φ. (6)
The masses of the new neutral physial fermionsΨ1,Ψ2 areM1,2 =
1
2
(
m1 +m2 ± m1−m2cos 2φ
)
.
The useful inverse relations are
m1 =c
2M1 + s
2M2,
m2 =s
2M1 + c
2M2. (7)
In the physial spetrum there is also a harged fermion Ψ+D, with mass M+ = m1
(given by (7)). In the ase of an elementary salar eld λm is a free parameter. The
mixing angle and the physial masses are basily not onstrained from the theory. In [8℄
gap equations determine the masses and the mixing angle. Applying further unitarity
onstraints one nds that one of the neutral masses is very lose the harged mass and
the mixing is rather weak [16℄.
The ollider phenomenology and radiative orretions in the model are oming from
the doublet kineti term in (1) taking into aount the mixing (5)
LI = Ψ+Dγ
µΨ+D
(
g′
2
Bµ +
g
2
W3µ
)
+
+
(
c2Ψ1γ
µΨ1 + s
2Ψ2γ
µΨ2 − sc
(
Ψ1γ
µΨ2 +Ψ2γ
µΨ1
))(g′
2
Bµ − g
2
W3µ
)
+
+
[
g√
2
W+µ
(
cΨ+Dγ
µΨ1 − sΨ+DγµΨ2
)
+ h.c.
]
. (8)
We alulate the ontribution to the eletroweak preision observables from this renor-
malizable interation.
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3 Eletroweak preision parameters
Barbieri et al. showed [12℄ that if the sale of new physis is suiently higher than
the LEP2 sale and the new physis aets only the vetor boson self energies then the
most general parameterization of new physis eets uses 4 parameters Sˆ, Tˆ , W, Y .
These parameters are the generalizations of the Peskin-Takeuhi S,T,U parameters and
dened from the transverse gauge boson vauum polarization amplitudes
Πµνab (q
2) = gµνΠab(q
2) + pµpνterms (9)
expanded up to the quadrati order (ab = {W+W−, W3W3, BB, W3B})
Πab(q
2) ≃ Πab(0) + q2Π′ab(0) +
(q2)
2
2
Π′′ab(0) + ...
. The relevant parameters are dened by
(g′/g)Sˆ = Π′W3B(0), (10)
M2W Tˆ = ΠW3W3(0)− ΠW+W−(0), (11)
2M−2W Y = Π
′′
BB(0), (12)
2M−2W W = Π
′′
W3W3
(0), (13)
here we use anonially normalized elds and Π funtions. The form fator Tˆ has
ustodial and SUL(2) breaking quantum numbers, while Sˆ respets ustodial symmetry
and breaks SUL(2). Y and W are symmetri under both symmetries and they are
important at the LEP2 energies. The result of the ombined t (exluding NuTeV) is
shown in Table 1. from [12℄.
103Sˆ 103Tˆ 103W 103Y
light Higgs 0.0 ±1.3 0.1 ±0.9 0.1±1.2 -0.4±0.8
heavy Higgs -0.9±1.3 2.0±1.0 0.0±1.2 -0.2 ±0.8
Table 1: Global t of the eletroweak preision parameters for a light (MH = 115 GeV)
and a heavy (MH = 800 GeV) Higgs.
The alulation of the parameters is based on the general gauge boson vauum po-
larization diagram with two non-degenerate fermions with masses ma and mb. We use
dimensional regularization and give the result for general q2. The oupling onstants
are dened in the usual manner LI ∼ VµΨ¯ (gV γµ + gAγ5γµ)Ψ.
Π(q2) =
1
4π2
((
g2V + g
2
A
)
Π˜V+A +
(
g2V − g2A
)
Π˜V−A
)
(14)
Π˜V+A = −1
2
(
m2a +m
2
b −
2
3
q2
)(
Div+ ln
(
µ2
mamb
))
− (m
2
a −m2b)2
6q2
− 1
3
(
m2a +m
2
b
)
+ (15)
+
5
9
q2 − (m
2
a −m2b)3
12q4
ln
(
m2b
m2a
)
+
1
3
(
(m2a −m2b)2
q2
+m2a +m
2
b − 2q2
)
f
(
m2a, m
2
b , q
2
)
4
and
Π˜V−A = mamb
(
Div+ ln
(
µ2
mamb
)
+ 2 +
(m2a −m2b)
2q4
ln
(
m2b
m2a
)
− 2f (m2a, m2b , q2)
)
.
(16)
The funtion f (m2a, m
2
b , q
2) is given by
f
(
m2a, m
2
b , q
2
)
=


√
∆artanh−1
( √
∆q2
q2−(ma+mb)2
)
q < |ma −mb|
−√−∆arctan
( √−∆q2
q2−(ma+mb)2
)
|ma −mb| < q and q < ma +mb√
∆arot−1
( √
∆q2
q2−(ma+mb)2
)
ma +mb < q
,
(17)
where we dened
∆ = 1− 2m
2
a +m
2
b
q2
+
(m2a −m2b)2
q4
, (18)
and Div = 1/ǫ + ln 4π − γǫ ontains the usual divergent term in dimensional regular-
ization.
The eletroweak parameters depend on the values and derivatives of the Π funtions
at q2 = 0, the limits are given below.
Π˜V+A(0) = −1
2
(
m2a +m
2
b
)(
Div+ ln
(
µ2
mamb
))
− (19)
−1
4
(m2a +m
2
b)−
(m4a +m
4
b)
4 (m2a −m2b)
ln
(
m2b
m2a
)
Π˜V−A(0) = mamb
(
Div+ ln
(
µ2
mamb
)
+ 1 +
(m2a +m
2
b)
2 (m2a −m2b)
ln
(
m2b
m2a
))
(20)
The rst and seond derivatives are
Π˜′V+A(0) =
(
1
3
Div+ ln
(
µ2
mamb
))
+
m4a − 8m2am2b +m4b
9 (m2a −m2b)2
+ (21)
+
(m2a +m
2
b) (m
4
a − 4m2am2b +m4b)
6 (m2a −m2b)3
ln
(
m2b
m2a
)
Π˜′V−A(0) = mamb
(
(m2a +m
2
b)
2 (m2a −m2b)
+
m2am
2
b
(m2a −m2b)3
ln
(
m2b
m2a
))
, (22)
and
Π˜′′V+A(0) =
(m2a +m
2
b) (m
4
a − 8m2am2b +m4b)
4 (m2a −m2b)4
− 3m
4
am
4
b
(m2a −m2b)5
ln
(
m2b
m2a
)
, (23)
Π˜′′V−A(0) = mamb
(
(m4a + 10m
2
am
2
b +m
4
b)
3 (m2a −m2b)4
+
2 (m2a +m
2
b)m
2
am
2
b
2 (m2a −m2b)5
ln
(
m2b
m2a
))
. (24)
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The values of the vauum polarizations for idential masses (mb = ma) are the
smooth limits of the previous formulae and agree with diret alulation.
Π˜V+A(0) = −m2aDiv−m2a ln
(
µ2
m2a
)
, Π˜V−A(0) = m2aDiv+m
2
a ln
(
µ2
m2a
)
,
Π˜′V+A(0) =
1
3
Div + 1
3
m2a ln
(
µ2
m2a
)
− 1
6
, Π˜′V−A(0) =
1
6
,
Π˜′′V+A(0) =
1
10m2a
, Π˜′′V−A(0) =
1
30m2a
.
The new vetor-like fermions ontribute to the omplete vauum polarization as
the sum of (15) and (16). We dene
Π˜V (ma, mb, q
2) = Π˜V+A(ma, mb, q
2) + Π˜V−A(ma, mb, q2). (25)
In what follows the index V is omitted we use Π˜ = Π˜V .
The Sˆ parameter (10) is then given by
Sˆ =
g2
16π2
(
+Π˜′(M+,M+, 0)− c4Π˜′(M1,M1, 0)− s4Π˜′(M2,M2, 0)− 2s2c2Π˜′(M2,M1, 0)
)
.
(26)
The rst three terms anel the divergent ontribution of the last one.
The Tˆ parameter (11) related to ∆ρ is also nite.
Tˆ =
g2
M2W16π
2
[
+Π˜(M+,M+, 0) + c
4Π˜(M1,M1, 0) + s
4Π˜(M2,M2, 0)+
+2s2c2Π˜(M2,M1, 0)− 2c2Π˜(M+,M1, 0)− 2s2Π˜(M+,M2, 0)
]
. (27)
The Y and the W parameters dier only in the oupling onstants
Y = M2W
g′2
32π2
·
[
Π˜′′(M+,M+, 0) + c4Π˜′′(M1,M1, 0)+
+ s4Π˜′′(M2,M2, 0) + 2s2c2Π˜′′(M2,M1, 0)
]
, (28)
W = M2W
g2
32π2
[
Π˜′′(M+,M+, 0) + c4Π˜′′(M1,M1, 0)+
+ s4Π˜′′(M2,M2, 0) + 2s2c2Π˜′′(M2,M1, 0)
]
. (29)
The rst three terms in the parentheses giveW = g
2
240π2
M2W ·
(
1/M2+ + c
4/M21 + s
4/M22
)
in agreement with [17℄ taking into aount that they onsidered Majorana fermions.
The last term is the same order of magnitude in MW/M{1,2,+}. Here W and Y are
always non-negative fullling the positivity onstraints proven in [18℄.
4 Numerial results
There are 3 free parameter in the model to onfront with the experiments: the two
neutral masses (M1,2) and the mixing angle φ, s
2 = sin2 φ, c2 = cos2 φ. The mass of the
6
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Figure 1: The Sˆ parameter vs. M1 for M2 = 150 GeV for c
2 = 0.2, 0.4, 0.6, 0.8
respetively from bottom upwards (from red to magenta), the horizontal line is the 1σ
experimental lower bound.
harged fermion is given by M+ = c
2M1+ s
2M2 (7). The new partiles are expeted to
be heavier than approximately 100 GeV from LEP1 and LEP2 as they have ordinary
ouplings with the gauge bosons. For relatively light new partiles (with masses 100-
150 GeV) the oblique parameters give rough estimate of the radiative orretions [17℄.
Replaing M1 ↔ M2 and c2 ↔ s2 = 1 − c2 gives the same oblique parameters. If
there is no real mixing c2 = 0 or 1 or if M1 = M2 = M+ then there is one degenerate
vetor-like fermion doublet and a deoupled singlet, Sˆ and Tˆ vanish expliitely. In this
ase the new setor does not violate SUL(2) and there is an exat ustodial symmetry.
Inreasing the mass dierene in the remnants of the original doublet by inreasing
the |M1 −M2| mass dierene and/or moving away from the non-mixing ase c2 = 0,
or 1 results in inreasing Sˆ and Tˆ . For small violation of the symmetries Sˆ and Tˆ are
expeted to be small.
The Sˆ, W, Y parameters are small for masses in the range from 100 GeV up to
few TeV, the only exeption is Tˆ (T ), whih is sensitive to the mass dierenes. These
features were predited using simple assumptions in [16℄. We disuss in details the ase
of a light Higgs boson (Table 1).
Generally the Sˆ (S) parameter depends only on the masses of the new partiles
and the mixing angle, it ontains no further dimensional parameter. For reasonable
masses (below few TeV) it is always in agreement with the 1σ experimental bounds for
M1,2 ≥ 100 GeV. See Fig. 1. For higher masses ˆ|S| (|S|) is even smaller. S an have
both signs. The Tˆ parameter (27) is more sensitive to the value of M1,2. The mass
7
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Figure 2: The Tˆ parameter vs. M1 for M2 = 150, GeV for c
2 = 0.9, 0.1, 0.2, 0.55 from
bottom upwards, the horizontal lines are the 1σ and 1.6 σ experimental upper bounds.
dierene of the new fermions must not exeed a ritial value, |M1−M2| ≤ 250 (400)
for the mass of the lighter fermion 150 (500) GeV. The onstraints are the strongest for
c2 ≃ 0.56, below and above this mixing the absolute value of Tˆ dereases. For small
mixing (c2 lose to 0 or 1) there are very weak or simply no onstraints. Fig. 2. shows
as an example Tˆ for M2 = 150 GeV as a funtion of M1 for various mixings. c
2 = 0 (1)
gives a horizontal line, Tˆ = 0. Tˆ (T ) is always positive allowing a heavy Higgs partile.
The W parameter is sensitive to the ratio M2W/M
2
i , i = 1, 2,+. It is largest for
relatively small masses approximately (150 GeV), but W is still well within the 1σ
experimental limits. For higher massesW is even smaller. See Fig.3. The Y parameter
is the same funtion of the masses and mixing angles asW . The smaller gauge oupling
multiplier provides weaker onstraints.
If the Higgs is heavy, MH = 800 GeV (see Table 1.) the entral value of Sˆ dereases
ompared to the light Higgs ase. Sˆ and W gives no onstraints. At the same time
the negative ontribution of the light Higgs an be ompensated by the new fermions
with onsiderable mass dierene for example (150,400) GeV or (500, 900) GeV. Non-
degenerate vetor-like fermions allow a spae for heavy Higgs in the preision tests of
the Standard Model.
In the fermion ondensate model [8℄ the Higgs boson in (3) is a omposite state
of the new fermions. Gap equations were derived and solved for the parameters of
the model. Applying further perturbative unitarity arguments onstrains the model
seriously, the harged partile mass must be relatively lose to one of the neutral ones,
e.g. c2 must be lose to 0 or 1 [16℄. The solutions of the gap equations fulll easily the
experimental onstraints on Sˆ and Tˆ due to the small mixing and the W parameter is
also safe. The solutions in [16℄ result that the oblique orretions do not onstrain the
8
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Figure 3: The W parameter vs. M1 for M2 = 150 GeV for c
2 = 0.1, 0.3, 0.5, 0.9
respetively from top downwards at high M1, the 1σ experimental bound is at 0.0013
is outside the gure.
fermion ondensate model even if the neutral masses (M1,2) are non-degenerate. The
alulation presented in this paper shows that the fermion ondensate model is less
onstrained than assumed by the naive estimates in [16℄. The formulae derived here
an be applied not just to [8℄, but to various models generating the Lagrangian (3).
5 Conlusions
We have alulated the oblique orretions in an extension of the Standard Model based
on vetor-like weak singlet and doublet fermions. Due to non-diagonal mass terms (4)
symmetry breaking mixing ours between the singlet and the neutral omponent of
the doublet. The oblique orretions were presented in the formalism of Barbieri et
al. [12℄. There are four relevant parameters Sˆ, Tˆ , W, Y , and they are indeed in the
same order of magnitude in the allowed mass range, as expeted. Y is the same
funtion of the masses and mixing angle as W with smaller oupling onstant, but
with weaker onstraints therefore we kept Sˆ, Tˆ , W . The orretions depend on the
new fermion masses (M1,2) and the mixing angle. The Sˆ, W parameters are always in
agreement with experiment for masses below few TeV. The Tˆ (T ) parameter measures
the ustodial symmetry breaking, the ustodial symmetry is exat in the new setor
if there is no physial mixing: c2 = 0, 1 or M1 = M2. Depending on the mixing
angle it allows in the most stringent ase for c2 ≃ 0.56 a maximal mass dierene
|M1 −M2| . 250 GeV at 1σ for relatively small ligter neutral mass (∼ 150 GeV),
higher mass dierene is allowed for higher M1,2 masses or dieren mixing. This
9
extension/modiation niely aommodates a heavy Higgs in the Standard Model.
The lightest new fermion is stable and a good dark matter andidate. The model an
be tested at LHC in the Drell-Yan proess [8℄ or via jetmass analysis [9℄. Nearing
the ompletion of our work we reeived a preprint whih deals with similar topi, but
with dierent fermion representation, approah and mixing allowed with the standard
fermions [19℄.
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